COH stretching bands, CH, in the infrared spectrum of single crystals of nominally high purity, of laboratory-grown MgO, and of natural upper mantle olivine, provide an ''organic'' signature that closely resembles the symmetrical and asymmetrical COH stretching modes of aliphatic OCH 2 units. The CH bands indicate that H2O and CO2, dissolved in the matrix of these minerals, converted to form H 2 and chemically reduced C, which in turn formed COH entities, probably through segregation into defects such as dislocations. Heating causes the COH bonds to pyrolyze and the CH bands to disappear, but annealing at 70°C causes them to reappear within a few days or weeks. Modeling dislocations in MgO suggests that the segregation of C can lead to C x chains, x ‫؍‬ 4, with the terminal C atoms anchored to the MgO matrix by bonding to two O ؊ . Allowing H2 to react with such Cx chains leads to [O2C(CH2)2CO2] or similar precipitates. It is suggested that such C xOHyOOz entities represent protomolecules from which derive the short-chain carboxylic and dicarboxylic and the medium-chain fatty acids that have been solvent-extracted from crushed MgO and olivine single crystals, respectively. Thus, it appears that the hard, dense matrix of igneous minerals represents a medium in which protomolecular units can be assembled. During weathering of rocks, the protomolecular units turn into complex organic molecules. These processes may have provided stereochemically constrained organics to the early Earth that were crucial to the emergence of life.
O f all natural environments where chemical reactions occur that produce organic molecules, the dense hard matrix of igneous minerals may appear as the most unlikely place. Yet, our earlier research has shown that a suite of medium-to long-chain fatty acids, C 6 OC 12 , can be identified among the organics extracted from crushed olivine single crystals from the CO͞ CO 2 ͞H 2 O-laden high temperature, high pressure environment of the upper mantle (1) . Freshly crushed olivine single crystals, when heated in vacuum, were found to release a range of organic molecules, including aromatic compounds (2) . Solvent extraction of crushed MgO crystals, grown in the laboratory at 1 bar from a CO͞CO 2 ͞H 2 O-saturated MgO melt (3), produced shortchain carboxylic and dicarboxylic acids up to C 4 (4) .
When minerals grow either in the laboratory or in nature, their environments are always ''contaminated'' and often saturated with CO 2 and H 2 O. The presence of CO 2 and H 2 O introduces the low-z elements carbon and hydrogen as ''impurities'' into the mineral matrix. As will be shown in this report, solute C and H 2 participate in reactions that lead to the precipitation of protomolecular C x entities and formation of COH bonds inside the hard, dense mineral matrix. These solid state reactions are different from the reactions that lead to the synthesis of lipids under hydrothermal conditions by Fischer-Tropsch-type reactions (5) or to the reduction of CO 2 during serpentinization of olivine and the production of organics with the help of catalysts such as magnetite (6) or to any other abiogenic reaction that has been considered for the early Earth (7-9).
Dissolution of H 2 O and CO 2 in Mineral Matrices
H 2 O becomes incorporated into the matrix of minerals that crystallize in H 2 O-laden environments, even of minerals that are nominally anhydrous. The basic reaction controlling the uptake of ''impurity'' H 2 O can be described as a proton transfer from H 2 O onto an O 2Ϫ of the host oxide͞silicate matrix:
A large body of literature exists about OH Ϫ in nominally anhydrous minerals from various geological settings (10, 11) . The most widely used method of analysis is IR spectroscopy. If transparent crystals are available, IR can detect very small amounts of OH Ϫ by way of their OOH stretching bands, OH , in the range of 3000-3700 cm
Ϫ1
. Because the OH bands lie at relatively high wavenumbers and are decoupled from the lower frequency lattice modes, they are generally sharp and unambiguously identifiable.
The amounts of OH Ϫ in olivine (Mg,Fe) 2 SiO 4 , the dominant upper mantle mineral, range from 10-1000 H͞10 6 Si (ppm) (11) . Similar but generally low OH Ϫ concentrations have been found in other petrologically important minerals (10) . Under the assumption that Eq. 1 completely describes the dissolution reaction of H 2 O, the OH Ϫ concentrations determined by IR have been used to calculate the total amount of chemically bound ''water.'' CO 2 is the dominant gas in many volcanoes and the dominant gas͞fluid component in the magmas that feed them. The important role that CO 2 plays in the petrogenesis of igneous rocks has also long been recognized. At high pressures, it can lower the melting points of mineral assemblies, i.e., the temperatures at which partial melts form, by hundreds of degrees (12) . Whereas CO 2 is known to dissolve in quenched high-pressure silicate melts, maybe in form of carbonate anions, CO 3 2Ϫ (13, 14) , some researchers maintain that C or CO 2 will not enter as ''impurity'' into the solid matrix of minerals (15, 16) . The formation of a carbonate anion can be described as the merging of a CO 2 molecule with a lattice O 2Ϫ without changing the oxidation state of the carbon:
At closer inspection, dissolution of H 2 O and CO 2 in solid matrix turns out to be more complicated than Eqs. 1 and 2 might suggest. This finding is exemplified by Fig. 1, which sites, respectively (17) . Fig. 1 also shows a weak but distinct band on the left, at 4152 cm
(enlarged in the Inset). It has the characteristic signature of a HH band arising from the HOH stretching mode of lattice-bound H 2 molecules similar to the HH band of H 2 in noble gas matrices (18) . Because the HH band is intrinsically This paper was submitted directly (Track II) to the PNAS office. † To whom reprint requests should be addressed. E-mail ffreund@mail.arc.nasa.gov. ¶ Nominal high purity refers to metal cation impurities only, which are routinely measured.
It does not take into account impurities that may arise from the dissolution of gases in solid matrix.
weak, the fact that it can be observed in the MgO crystal under study suggests a high concentration of H 2 molecules. This HH band and the CH bands on the right of Fig. 1 , between 2800-3000 cm Ϫ1 , jointly point at the complexity of the solid state dissolution of H 2 O and CO 2 . The CH bands suggest that some form of COH entities exist in the MgO crystal, providing an ''organic'' signature. These COH entities do not come from surface contamination as has been suggested (16, 19, 20) but are associated with C in the bulk that remains detectable even on heating in ultrahigh vacuum up to 700-900°C (21) (22) (23) .
The main focus of this study will be to address the nature this ''organic'' signature and how the presence of COH entities is linked to the dissolution mechanism of H 2 O and CO 2 in mineral matrices. in tetrahedral sites. Both MgO and olivine tend not to develop internal cleavage planes as some other minerals do, in particular, pyroxenes.
Experimental Procedures
The MgO crystals used in this study were grown at 1 bar pressure from a CO͞CO 2 ͞H 2 O-saturated melt (3). Nominally, i.e., with respect to metal impurities, these MgO crystals were of 99.9% purity, colorless, with some turbidity because of micrometer-and sub-micrometer-sized cavities that decorate a dense network of subgrain boundaries and dislocations. They were available in form of large cubes, 20-30 mm in size, reflecting the perfect cleavage of MgO along (100). The olivine single crystals used in this study came from Afghanistan. They were recovered from peridotite nodules brought up by volcanic eruptions (24) . The crystals were 20-30 mm in size, irregular in shape, olive-green and partly turbid because of a decorated network of subgrain boundaries and dislocations. A selected large olivine crystal was cut with a low-speed diamond saw to a rectangular shape of about 20 ϫ 10 ϫ 6 mm. This olivine crystal and a similarly sized MgO crystal were cut into several identical pieces, about 5 ϫ 10 ϫ 6 mm, so that the study to be described below could be done with pieces of the same single crystals. The cut surfaces were left ''as is'', i.e., without further grinding or polishing.
The single crystal pieces were cleaned with organic solvents. They were mounted in Al blocks that fit into the sample holder of the Nicolet Nexus 670 Fourier transform (FT)-IR spectrometer. The MgO and olivine crystals were heated for 12 h to 400°C and 45 min to 300°C in a stream of high purity N 2 gas, respectively. Previously it had been shown by gas chromatographic techniques (1, 4) that, after drying, no solvents are retained, even on finely crushed single crystal powders. By measuring the CH intensities from a thick MgO crystal and then cutting the same crystal into several slices, it had been shown earlier (17) that the CH band strength correlates with the length of the optical path through the bulk, not with the number of surfaces, indicating that the signal came from COH entities in the bulk. All IR spectra (before and after heating) were recorded at 30°C, acquiring data during 20 scans over the range 400 -4000 cm
Ϫ1
. The heat treatment pyrolyzed their COH entities in the MgO and olivine crystals, causing their CH bands to disappear or nearly disappear as determined from the IR spectra recorded immediately after cooling to room temperature. For the next 32 days, sets of these MgO and olivine crystals (wrapped in Al foil) were stored in air at 70°C, whereas one control set was stored at 24°C. A run started at 45°C was lost because of a malfunction of the temperature controller. The IR spectra of each sample were recorded, first in daily intervals, later in weekly intervals. In the case of MgO, the background in the CH region was fitted linearly between 2785 cm Ϫ1 and 3025 cm
. In the case of olivine, a best-fit polynomial was used to compensate for the more steeply sloping background.
Dislocations in MgO were modeled by using the CRYSTALMAKER 4.0 program by David C. Palmer (Crystalmaker Software, Bicester, U.K.) modified in such a way as to allow the introduction of defects into the perfect structure. No lattice relaxation around the dislocation cores was taken into account. , which the spectrum of olivine does not show. In MgO, all CH bands are slightly broader than in olivine.
Results
The different CH bands may arise from COH entities in different local environments or from C x entities in which some C Fig. 1 . Infrared spectrum of a nominally high purity MgO crystal, grown from a CO͞CO 2͞H2O-laden melt, in the 2800 -4200 cm Ϫ1 range covering the HOH, OOH, and COH stretching frequencies. atoms are bonded to two or more H, thereby giving rise to a set of symmetrical and asymmetrical COH stretching modes. Indeed, the two strongest bands at 2926 and 2855 cm Ϫ1 in MgO and at 2922 and 2852 cm Ϫ1 in olivine agree with the symmetrical and asymmetrical COH stretching modes of OCH 2 units in aliphatic hydrocarbon chains such as in polyethylene (25) . The weak band at 2955 cm
Ϫ1
and a companion at 2870 cm Ϫ1 agree with the symmetrical and asymmetrical COH stretching modes of OCH 3 units.
The weakness of the CH signature does not necessarily mean that the amount of solute C x entities is small. The strength of the CH bands solely depends on the number of COH bonds formed, not on the number of C atoms in the C x entities. The total C concentration in the laboratory-grown MgO single crystals is probably of the order of 50-100 ppm (21, 26) . Similar total C concentrations have been reported for upper mantle-derived olivine crystals (27, 28) , and at least 5 ppm C 2 OC 6 hydrocarbons.
Heating the MgO crystal to 400°C and the olivine crystal to 350°C caused their CH bands to nearly completely disappear, because of in situ pyrolysis of the COH bonds. Fig. 3 shows how the CH bands reappear in the MgO crystal during annealing at 70°C. The band positions are slightly shifted. At the end of 32 days at 70°C the integral intensity of the CH bands reached about 10% of the initial intensity. Annealing at 90°C and 24°C caused the CH bands to reappear faster and slower, respectively. The new CH bands lie at nearly the same positions as the ones observed before heating. This result suggests that, whereas heating pyrolyzed the COH bonds, it left the C x entities intact to which the H atoms had bonded. Fig. 4 plots the intensity of the CH bands in MgO as a function of annealing time at 70°C (solid circles), at 24°C, and 45°C (open circles and solid diamonds), and 90°C after the temperature controller malfunctioned, raising the temperature of the 45°C run to 90°C (open diamonds). The solid and broken lines represent parabolic fits to the data. Obviously, the pyrolysis of the COH bonds had caused H to disperse in the MgO matrix adjacent to the sites of the C x entities. We do not know, however, whether hydrogen remains as H after pyrolysis or forms H 2 . On annealing, H or H 2 diffuse back to the C x chains, forming COH bonds. If this process is controlled by 1-dimensional diffusion, the CH intensity should increase linearly with the square root of time. Indeed, the parabolic fit to the 70°C data describes rather well the overall increase in the integral intensity of the CH bands. During the first 32 days at 70°C the CH bands regain about 10% of their original intensity. Assuming the same diffusion rate, 50% of the original intensity would be reached after 4500 days or 12.5 yr.
The CH bands of olivine disappear or nearly disappear on heating to 300°C for 45 min. They reappear on annealing, shifted by about 7 cm Ϫ1 to lower wavenumbers, with a similar time constant as in MgO or slightly faster. After 32 days at 70°C the CH bands of olivine had regained about 15% of their original intensity.
Discussion
The IR observations presented here can be summarized as follows: (i) the CH bands in the 2800-3050 cm Ϫ1 window arise from COH entities in the crystal matrix; (ii) nearly identical CH bands are seen in the IR spectrum of laboratory-grown MgO and natural olivine crystals from the H 2 O͞CO 2 -laden high pressure environment of the upper mantle; (iii) the complexity of the CH bands suggests polyatomic C x entities with OCH 2 O and OCH 3 units; (iv) the CH bands disappear on heating because of the pyrolysis of the COH bonds; and (v) the CH bands reappear relatively rapidly, within a few days and weeks, on annealing at moderate temperatures between room temperature and 70°C.
The presence of the CH bands, their disappearance on heating, and their reappearance on annealing jointly point at a sequence of physical and chemical processes that occur in solid matrix. The CH bands are consistent with C x entities containing OCH 2 O and OCH 3 . These C x entities may represent ''protomolecules'' of those carboxylic, dicarboxylic, and fatty acids that have been extracted from MgO and olivine crystals (1, 4) . To understand how such protomolecules form, we review earlier work on the dissolution mechanism of H 2 O and CO 2 that has laid the foundation for the study presented here. with O atoms being the primary product of disproportionation (29) . This result led to the proposition that the formation of H 2 molecules in the MgO matrix was coupled to the formation of peroxy anions by way of a hitherto unknown redox conversion involving OH Ϫ pairs:
The validity of this reaction was independently confirmed by a group at Oxford University (31) measuring the oxidizing properties of MgO prepared in a similar manner.
Eq 3 is remarkable in as much as it implies a redox conversion in which the oxygens of OH Ϫ act as electron donors transferring electron density to the protons, thereby reducing them to H 2 . Because a peroxy anion represents an excess O atom, this effectively describes a ''water splitting'' reaction, H 2 O ϭ H 2 ϩ O. Although well documented (30, 31) , this redox conversion has so far not been considered in the geosciences as an entry to better understand the interactions between H 2 O and minerals.
Details of this reaction were further elaborated through an IR study of MgO crystals (17) becomes observable, as demonstrated by Fig. 1 . In the same IR study (17) , evidence was obtained that solute CO 2 in the MgO matrix exists in a chemically reduced form, probably as formate anions, CO 2 2Ϫ , with C occupying Mg 2ϩ vacancy sites, and in an even more reduced form as CO Ϫ anions with C on interstitial sites. This finding led to the proposition that dissolution of CO 2 in solid matrix is accompanied by a redox conversion similar to Eq. 3 in as much as O 2Ϫ acts as electron donor to reduce the C-bearing solutes:
These reactions are not limited to MgO, but apparently also occur in olivine (Mg,Fe) 2 SiO 4 (23), even though, containing about 10% Fe 2ϩ , upper mantle olivine may appear to be unlikely to contain oxygen oxidized to the peroxy stage (32) . The CH bands in olivine and their similarity to the CH bands in MgO suggest that redox conversions whereby O 2Ϫ acts as electron donor may be common when H 2 O and CO 2 dissolve in mineral matrices. Segregation. Dissolution of H 2 O and CO 2 in mineral matrices takes place during crystallization when the gas͞fluid components partition between the melt and the growing crystals. The amount of H 2 O and CO 2 taken up into solid solution depends on the temperature (T) and partial pressures of the gas͞fluid components (12) . However, the equilibrium concentrations of the solute H 2 O and CO 2 species decreases with decreasing T. This sets up a thermodynamic driving force to segregate the solutes to the surface or to any other sink that might be available inside the bulk (33, 34) . The denser the crystal structure, the larger is the driving force. As long as the diffusion of the major cationic and anionic lattice constituents remains activated, i.e., at high T, segregation will simply lead to degassing of H 2 O and CO 2 . At lower T, as diffusion of cations and anions freezes, only those solutes can respond to the thermodynamic driving force that remain diffusively mobile. If some solutes that derive from H 2 O and CO 2 retain diffusive mobility, they will segregate to the surface as well as to dislocations and other defects.
H 2 molecules are diffusively highly mobile in fused silica and quartz, which have relatively open structures (35) . Although no diffusion coefficients for H 2 in MgO and olivine have been reported, given their small size and high polarizability, H 2 molecules are expected to retain diffusive mobility even in such dense structures down to relatively low temperatures. The case of C diffusion requires additional comments. By studying the temperature-time dependent behavior of solute C in MgO and olivine by x-ray photoelectron spectroscopy, 12 C(d,p) 13 C depth profiling (22, 23) , and secondary ion mass spectrometry (21) next to it. In the first case, the core of the dislocation becomes negatively charged. In the second case, charge neutrality is maintained but at the expense of creating a larger void.
To model dislocations in compound crystals and avoid complications from net charges, it is common practice to remove an equal number of cations and anion from the dislocation core (37, 38) . We have chosen to remove only Mg 2ϩ cations. This decision was justified by the fact that dislocations in compound crystals are generally charged because, as they form and sweep through the structure, they collect cation vacancies (33, 34) . Therefore, as their local stoichiometry deviates from the overall stoichiometry of the crystal, they become negatively charged. The CO Ϫ complex postulated in Eq. 4 is positively charged. Carrying a negative charge, dislocations will attract CO Ϫ through longrange Coulomb interaction, facilitating the formation of polyatomic C x entities through segregation (21).
Modeling Dislocations. As part of the work described here, we modeled screw and edge dislocations in MgO and their interaction with CO Ϫ by decomposing the process into three steps: first, we remove one row of Mg 2ϩ cations; second, we convert the two adjacent rows of O 2Ϫ to O Ϫ , thus providing full charge compensation for the Mg 2ϩ vacancies; and third, we allow C to segregate into the dislocation cores and to bond to O Ϫ .
When we add C atoms one by one to the dislocation cores, allowing them to also bond to each other, we build short C x chains with the terminal C atoms bonded to two O Ϫ of the MgO matrix. Taking into account the lattice parameter of MgO, a o ϭ 4.21 Å, the COC bond length and bond angles, we can build aliphatic C x chains with n ϭ 4 that are strain-free, even without taking into account a possible relaxation of the MgO matrix around the dislocation cores (37, 38) . In the case of the a o ͞2[100] screw dislocation, we find the best fit for C 4 units in trans configuration. In the case of subgrain boundary dislocations, to fit into the dislocation core, the C 4 units have to buckle into a cis configuration. For n Ͼ 4 the COO Ϫ bonds at the terminal C positions become progressively more strained and go out of phase with respect to the surrounding MgO matrix. Stereochemical Control. Dislocations provide for a stereochemically constrained environment that forces the segregating C atoms into C x chains. Depending on the specific conditions and͞or the mineral structure, different chain length C x entities might form. In other types of lattice defects, solute C atoms may segregate to form cyclic or branched C x entities. We are here confronted with the possibility that the mineral matrices in which C x entities precipitate influence or even control the shape and size of these C x segregates. Hence, when these minerals weather, they will release a set of stereochemically preselected organic molecules. Such a mechanism is expected to produce a smaller number of different compounds than reactions in the gas phase, liquid phase, or by surface catalysis.
On the basis of the simulations presented here, it appears that linear C x entities with n ϭ 4 in trans configuration might be energetically favored in screw dislocations in MgO. With their terminal C atoms bonding stress-free to two O Ϫ each, they would anchor the [O 2 COCOCOCO 2 ] entity to the MgO structure. Adding H 2 leads to OCH 2 O and to entities that may be described as [O 2 C(CH 2 ) 2 CO 2 ] or, more generally, as C x OH y OO z entities. The OCH 2 O therein would give rise to two CH bands arising from the symmetrical and asymmetrical COH stretching mode similar to these modes in the IR spectrum of polyethylene (25) . The two strongest CH bands at 2926 and 2855 cm Ϫ1 in the IR spectrum of MgO (see Fig. 2 ) would then have to be assigned to OCH 2 O sections of linear aliphatic chains of the general formula C x OH y OO z , formed through segregation of C and H 2 into dislocations.
Solvent extraction experiments of crushed MgO single crystals produced a suite of carboxylic and dicarboxylic acids from C 2 to C 4 with succinic acid, HOOC(CH 2 ) 2 COOH, being a major component (4) , pointing at dislocation-bound [O 2 C(CH 2 ) 2 CO 2 ] entities as possible protomolecules. Extraction experiments with crushed olivine crystals yielded longer chain-length fatty acids, C 6 to C 12 (1) , suggesting that longer-chain C x OH y OO z entities had formed in the olivine matrix. The difference in chain length may reflect differences between the structures of MgO and olivine. Alternatively, because the olivine crystals had cooled at a much slower rate in a volcanic pipe (24) , there was more time for the segregation of solute C into the dislocations, thus producing longer chain C x OH y OO z entities. These longer C x OH y OO z entities may be the reason why, as seen in Fig. 2 , the CH bands from the olivine crystal are narrower than the CH bands from the MgO crystal, even though MgO has a simpler structure and would thus be expected to provide a more uniform local lattice environment.
Prebiotic Evolution. Many pathways are known by which organic matter can be synthesized through gas phase, liquid phase, and gas-solid and liquid-solid reactions. How much could have been produced under early Earth conditions depends on whether or not the atmosphere at that time was reducing. Table 1 gives estimated production rates (8) for two cases: (i) a highly reducing atmosphere rich in methane, hydrogen, and ammonia, and (ii) an intermediate atmosphere, still reducing, with an H 2 ͞CO 2 ratio of 1:10. More likely, however (39), the early atmosphere was non-reducing. In this case almost no organics would have been produced in the atmosphere by the processes indicated.
Interplanetary dust particles (IDPs) in the size range 0.6-60 m and containing up to 10% carbon provide an exogenous source for organics. Because they are slowly decelerated on entry in the Earth's atmosphere, their organics survive the entry. Today, the Earth captures between 3 ϫ 10 9 and 1 ϫ 10 The work presented here points at a source of organics that is different from all other sources discussed so far in the literature. If C x OH y OO z protomolecules form in mineral matrices, they will turn into organic molecules during weathering (1, 4) . The organic molecules thus liberated may be difficult to synthesize by any of the other reaction pathways given in Table 1 . Note that these reaction pathways invariably involve large departures from thermodynamic equilibrium, mostly in form of very high temperatures for a very short period. By contrast, the assembly of C x OH y OO z protomolecules inside the minerals and their release during weathering are processes that occur under much more benign conditions, at moderate or even ambient temperatures, and not too far from equilibrium.
We can estimate how much organics could have been supplied to the Earth through the weathering cycle. On the early continents many of the rocks exposed at the surface were probably peridotites, rich in olivine and other minerals that weather rapidly under the effect of CO 2 -saturated meteoric water. Assume that the volume of rock recycled was of the order of 3 km 3 ͞yr (10 16 g͞yr), the same as today (42) , and that their solute C content was of the order of 100 ppm as in olivine (27, 28) . If 1͞10 of this solute C or 10 ppm were in form of C x OH y OO z protomolecules, the weathering cycle would have produced organics at a rate of about 10 11 g͞yr. The production would have been unaffected by the atmospheric composition and independent of any delivery of meteors and comets to the early Earth (43) . Furthermore, the production rate would have been sustained over long time or even increased with the growth of the continents. If we include subsurface weathering such as serpentinization of peridotites and leaching of rocks by hydrothermal fluids, the production rate of organics would be even higher.
Conclusions
The assembly of protomolecules by way of solid state processes shows that ''organic'' chemistry can take place in the dense, hard matrix of igneous minerals. This finding opens new aspects to the study of stereochemically constrained complex organic molecules, synthesized under prebiotic conditions. Such processes may have provided large amounts of biochemically relevant organics to the early Earth. 
